(19) 



J 



Europdisches Paten tarn t 
European Patent Office 
Office europeen des brevets 



(12) 



(43) Date of publication: 

12.03.2003 Bulletin 2003/11 

(21) Application number: 01131053.9 

(22) Date of filing: 31 .12.2001 



(H) EP 1 291 620 A2 

EUROPEAN PATENT APPLICATION 

(51) lntCi7: G01F1/66 



(84) 


Designated Contracting States: 

AT BE CH CY DE OK ES Fl FR GB GR IE IT Li LU 

MCNLPTSETR 


(72) 


Inventor: Ohnishi, Kazumasa 
Nagaoka-shi, Niigata 940-0846 (JP) 




Designated Extension States: 


(74) 


Representative: Banzer, Hans-Jorg, Dipl.-lng. 




AL LT LV MK RO SI 




Kraus & Weisert 

Patent- und Rechtsanwalte 


(30) 


Priority: 06.09.2001 JP 2001270305 




Thomas-Wimmer-Ring 15 
80539 Munchen (DE) 


(71) 


Applicant: Ohnishi, Kazumasa 
Nagaoka-shi, Niigata 940-0846 (JP) 







(54) Clamp-on ultrasonic flowmeter 

(57) A clamp-on ultrasonic flowmeter has a pair of 
ultrasonic transmitting-receiving devices. Each device 
is composed of a ultrasonic propagating element in the 
form of wedge having a bottom surface and a slanting 
surface extending from one edge of the bottom surface 
at an acute angle, and a ultrasonic transducer attached 



on the slanting surface. The ultrasonic propagating ele- 
ment is composed of a plurality of sheet units in which 
each sheet unit is composed of plural high modulus fib- 
ers aligned in parallel in resinous material, whereby 
propagating ultrasonic wave emitted by the ultrasonic 
transducer onto the bottom surface at an angle perpen- 
dicular to the slanting surface. 



fig. 1 
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Description 

FIELD OF THE INVENTION 

[0001] The invention relates to a clamp-on ultrasonic 
flowmeter, a flow rate-measuring structure, and a ultra- 
sonic transmitting-receiving device. 

BACKGROUND OF THE INVENTION 

[0002] The clamp-on ultrasonic flowmeter is attached 
to a outer surface of a pipe in which a fluid flows, for 
measuring from outside of the pipe a volume of the fluid 
flowing inside of the pipe. The clamp-on ultrasonic flow- 
meters are generally classified into two types. One uti- 
lizes a difference of propagating rates, and another uti- 
lizes the Doppler effect. 

[0003] In the mode utilizing a difference of propagat- 
ing rates, a pair of ultrasonic waves are propagated un- 
der such condition that one ultrasonic wave is propagat- 
ed downstream to cross the stream of fluid while another 
ultrasonic wave is propagated upstream to cross the 
stream of fluid. Then, the time required for propagating 
the downstream ultrasonic wave between the predeter- 
mined distance and the time required for propagating 
the upstream ultrasonic wave between the same dis- 
tance are compared to determine the flow rate. 
[0004] In the mode utilizing the Doppler effect, the 
flow rate is determined by measuring a rate of particle 
or babble flowing with the fluid, under assumption that 
the particle or babble moves at a rate equal to that of 
the moving fluid. The moving rate of the particle or bab- 
ble can be determined, by detecting variation of ultra- 
sonic frequency from that of ultrasonic wave applied to 
the moving particle or babble to that of ultrasonic wave 
reflected to the moving particle or babble. 
[0005] A representative constitution of a known 
clamp-on ultrasonic flowmeter is illustrated in Fig. 11 in 
the form of a sectional view. The clamp-on ultrasonic 
flowmeter of Fig. 11 utilizes a difference of propagating 
rates of ultrasonic wave. The clamp-on ultrasonic flow- 
meter is composed of a pair of ultrasonic transmitting- 
receiving devices 1a, 1b. The ultrasonic transmitting-re- 
ceiving device 1 a is composed of a ultrasonic transduc- 
er 2a and a ultrasonic propagating element in the form 
of wedge 3a. The ultrasonic propagating element 3a has 
a bottom surface 4a and a slanting surface 5a extending 
from one edge of the bottom surface 4a at an acute an- 
gle. The ultrasonic transducer 2a is attached on the 
slanting surface 5a. The ultrasonic transducer 2a has 
an electrode (not shown) and a lead line (not shown) on 
the side facing the propagating element 3a and on an- 
other side. The combination of the electrode and lead 
line serves to apply electric voltage to the transducer 2a. 
In the same way, the ultrasonic transmitting-receiving 
device 1 b is composed of a ultrasonic propagating ele- 
ment 3b having a slanting surface 5b on which the ul- 
trasonic transducer 2b is attached. 



[0006] Each of the ultrasonic transducers 2a, 2b 
transmits ultrasonic wave to the ultrasonic propagating 
element when an electric voltage is applied thereto, 
while it produces an electric voltage when it receives ul- 

5 trasonic wave. Accordingly, the ultrasonic transmitting- 
receiving device 1 a, 1 b equipped with a ultrasonic trans- 
ducer functions as a transmitter and a receiver. The ul- 
trasonic transmitting-receiving devices 1a, 1b are pro- 
vided on a pipe 6 in such manner that the ultrasonic 

10 waves transmitted by the devices 1a, 1b propagate 
across the fluid 7 which flows inside of the pipe in the 
direction indicated by arrow 8, that is, on the route 9 (in- 
dicated by a dotted line) in the directions indicated in 
Fig. 11 by arrows 9a, 9b. 

15 [0007] The flow rate of the fluid 7 flowing inside of the 
pipe 6 is determined by the following method. First, a 
voltage pulse is applied to the ultrasonic transducer 2a 
of the ultrasonic transmitting-receiving device 1 a, so as 
to transmit a ultrasonic wave. The ultrasonic wave prop- 

20 agates in the ultrasonic propagating element 3a, a wall 
of pipe 6, fluid 7, a wall of pipe 6 on the opposite side, 
and ultrasonic propagating element 3b on the route in- 
dicated in Fig. 1 1 by the dotted line 9. Subsequently, the 
ultrasonic wave is received by the ultrasonic transducer 

25 2b of the ultrasonic transmitting-receiving device 1 b, to 
output a voltage signal. A period of time (T.,) from the 
time when the ultrasonic wave is transmitted by the ul- 
trasonic transmitting-receiving device 1a to the time 
when the ultrasonic wave is received by the ultrasonic 

30 transmitting-receiving device 1b is detected. Subse- 
quently, a voltage pulse is applied to the ultrasonic trans- 
ducer 2b of the ultrasonic transmitting-receiving device 
1b, so as to transmit a ultrasonic wave. The ultrasonic 
wave is then propagate on the same route, but in the 

35 opposite direction, and the ultrasonic transducer 2a of 
the ultrasonic transmitting-receiving device 1 a receives 
the propagated ultrasonic wave. A period of time (T 2 ) 
from the time when the ultrasonic wave is transmitted 
by the ultrasonic transmitting-receiving device 1 b to the 

40 time when the ultrasonic wave is received by the ultra- 
sonic transmitting-receiving device 1a is detected. 
[0008] The period of time (T^ required for the propa- 
gation of ultrasonic wave from the device 1a to the de- 
vice 1 b along the arrow 9a differs from the period of time 

45 O2) required for the propagation of ultrasonic wave from 
the device 1b to the device 1a along the arrow 9b. The 
period of time (T^ is shorter than a period of time re- 
quired for propagating ultrasonic wave in still water be- 
cause the ultrasonic wave from the device 1 a to the de- 

50 vice 1 b is propagated at an increased rate by the aid of 
the flowing fluid, while the period of time (T 2 ) is longer 
than a period of time required for propagating ultrasonic 
wave in still water because the ultrasonic wave is prop- 
agated from the device 1 b to the device 1 a against the. 

55 stream of the fluid. Thus, the difference of the propaga- 
tion period OVTj) is relative to the rate of movement of 
the flowing fluid 7. Therefore, the rate of movement of 
the flowing fluid is calculated from the difference of prop- 
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agation period. The flow rate of the fluid 7 is then deter- 
mined from the difference of propagation period and the 
sectional area of the inside of the pipe 6. 
[0009] Thus, the clamp-on ultrasonic flowmeter is ad- 
vantageous in that it can determine the flow rate with no 
direct contact with the flowing fluid. In order to employ 
the clamp-on ultrasonic flowmeter more advantageous- 
ly, however, a study should be made on the clamp-on 
ultrasonic flowmeter for increasing the measuring sen- 
sitivity. One main point for increasing the measuring 
sensitivity of the clamp-on ultrasonic flowmeter resides 
in the improvement of directivity of ultrasonic wave 
transmitted by a ultrasonic transmitting-receiving de- 
vice. Since the dimensions of the ultrasonic transducer 
used for the ultrasonic transmitting-receiving device are 
finite, the ultrasonic wave transmitted by the ultrasonic 
transducer does not form a plane wave with complete 
directivity but a plane wave with some diffused wave. 
Thus, a ultrasonic wave transmitted by the transmitting- 
receiving device necessarily contains a diffused ultra- 
sonic wave portion deviated from the direction of prop- 
agation of the target ultrasonic wave (i.e., direction per- 
pendicular to the vibrating surface of the ultrasonic 
transducer). The diffused ultrasonic wave portion can- 
not be received by the receiving device, and hence the 
measuring sensitivity decreases. Even if the diffused ul- 
trasonic wave portion is received by the receiving de- 
vice, the diffused ultrasonic wave portion having a 
phase deviated from the target ultrasonic wave produc- 
es irregular waveform in the signal wave. The produc- 
tion of irregular waveform also causes decrease of sen- 
sitivity. 

[0010] Japanese Patent Provisional Publication 
H7-284198 describes directivity of ultrasonic wave 
transmitted by a ultrasonic transducer is improved by 
employing a combination of the ultrasonic transducer 
and a fiber-reinforced resinous material. In more detail, 
the publication describes that in the combined ultrasonic 
transducer and fiber-reinforced resinous material, a vi- 
bration in the longitudinal direction of the fiber is sup- 
pressed and therefore a vibration perpendicular to the 
fiber is enhanced, whereby the directivity of ultrasonic 
wave is improved. The publication suggests that the 
combined ultrasonic transducer and fiber-reinforced 
resinous material can be utilized in a flowmeter. 
[0011] In view of the teaching given in the Japanese 
Patent Provisional Publication H7-284198, the present 
inventor manufactured a combined ultrasonic transduc- 
er 2 and fiber- reinforced resinous material 10 and fur- 
ther manufactured a pair of sensor-immersed ultrasonic 
flowmeters 1, as shown in Fig. 12. It is then confirmed 
that the sensor-immersed ultrasonic flowmeter 1 is ef- 
fective to determine a flow rate of a fluid at a high sen- 
sitivity. 

[0012] Then, the inventor manufactured a clamp-on 
ultrasonic flowmeter 1 by attaching the combination of 
ultrasonic transducer 1 and fiber-reinforced resinous 
material 10 to a conventional ultrasonic propagating el- 



ement in the form of wedge, as shown in Fig. 13. He 
expected that the clamp-on ultrasonic flowmeter 1 of 
Fig. 1 3 shows an increased directivity of ultrasonic wave 
and an improved sensitivity. However, it was found that 
5 the sensitivity is not noticeably improved, contrary to his 
expectation. 

SUMMARY OF THE INVENTION 

10 [0013] Accordingly, the present invention has an ob- 
ject to provide a clamp-on ultrasonic flowmeter giving 
an improved high sensitivity. 

[0014] The invention has another object to provide a 
flow rate- measuring structure giving an improved high 

is sensitivity. 

[001 5] The invention has a further object to provide a 
new ultrasonic transmitting-receiving device. 
[001 6] The present inventor has studied further for im- 
proving the sensitivity of a clamp-on ultrasonic flowme- 

20 ter utilizing fiber-reinforced resinous material, from the 
viewpoints of directivity and strength of ultrasonic wave 
transmitted by a ultrasonic transmitting-receiving de- 
vice. As a result of the study, the present inventor has 
discovered that the ultrasonic wave having improved di- 

25 rectivity which is produced by the combination of the ul- 
trasonic transducer and the fiber-reinforced resinous 
material is reduced in its strength of ultrasonic wave and 
is varied in its waveform within the ultrasonic propagat- 
ing element in the form of wedge. 

30 [0017] The reduction of strength (i.e., attenuation) of 
ultrasonic wave and the variation of ultrasonic waveform 
are considered to be caused by conversion of a portion 
of the ultrasonic wave (i.e., highly directed longitudinal 
wave transmitted by the combination of ultrasonic trans- 

35 ducer and the fiber- reinforced resinous material) into a 
traverse wave when the ultrasonic wave is propagated 
within the ultrasonic transmitting-receiving device. The 
generation of the traverse wave causes decrease of the 
normal ultrasonic wave which propagates in the direc- 

40 tion perpendicular to the vibrating surface of the ultra- 
sonic transducer. Further, the generated traverse wave 
overlaps with the normal ultrasonic wave to cause the 
variation of the target ultrasonic waveform. 
[0018] Then, the present inventor has discovered that 

^5 the ultrasonic wave transmitted by the ultrasonic trans- 
ducer can be propagated within a ultrasonic propagating 
device, keeping its high directivity and giving almost no 
attenuation when the ultrasonic propagating device per 
se is produced by fiber-reinforced resinous material 

50 having a plurality of well aligned high modulus fibers, 
and that a clamp-on ultrasonic flowmeter having such 
constitution shows prominently high sensitivity as com- 
pared with that of the conventional clamp-on ultrasonic 
flowmeter. 

55 [0019] Accordingly, the present invention resides in a 
clamp-on ultrasonic flowmeter comprising a pair of ul- 
trasonic transmitting-receiving devices, each compris- 
ing a ultrasonic propagating element in the form of 
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wedge having a bottom surface and a slanting surface 
extending from one edge of the bottom surface at an 
acute angle, and a ultrasonic transducer attached on the 
slanting surface, wherein the ultrasonic propagating el- 
ement is composed of a plurality of sheet units in which 
each sheet unit is composed of plural high modulus fib- 
ers aligned in parallel in resinous material, so as to prop- 
agate ultrasonic wave emitted by the ultrasonic trans- 
ducer onto the bottom surface at an angle perpendicular 
to the slanting surface. 

[0020] The invention also resides in a flow rate-meas- 
uring structure comprising a pipe in which a fluid flows 
and a pair of ultrasonic transmitting-receiving devices 
arranged on the pipe on an outer surface thereof, each 
transmitting-receiving device comprising a ultrasonic 
propagating element in the form of wedge having a bot- 
tom surface and a slanting surface extending from one 
edge of the bottom surfaces at an acute angle, and a 
ultrasonic transducer provided on the slanting surface, 
wherein the ultrasonic propagating element is com- 
posed of a plurality of sheet units in which each sheet 
unit is composed of plural high modulus fibers aligned 
in parallel in resinous material, so as to propagate ultra- 
sonic wave emitted by the ultrasonic transducer onto the 
bottom surface at an angle perpendicular to the slanting 
surface. 

[0021] The invention further resides in a ultrasonic 
transmitting-receiving device comprising a ultrasonic 
propagating element in the form of wedge having a bot- 
tom surface and a slanting surface extending from one 
edge of the bottom surface at an acute angle, and a ul- 
trasonic transducer attached on the slanting surface, 
wherein the ultrasonic propagating element is com- 
posed of a plurality of sheet units in which each sheet 
unit is composed of plural high modulus fibers aligned 
in parallel in resinous material, so as to propagate ultra- 
sonic wave emitted by the ultrasonic transducer onto the 
bottom surface at an angle perpendicular to the slanting 
surface. 

[0022] In the invention, the following embodiments 
are preferred. 

(1 ) The sheet units of the ultrasonic propagating el- 
ement are produced under the condition that the 
high modulus fibers in one sheet unit are arranged 
to make a right angle with the high modulus fibers 
in an adjoining sheet unit. 

(2) The high modulus fiber has a tensile modulus of 
higher than 50 GPa. 

(3) The high modulus fiber is carbon fiber. 

(4) An elastic material sheet is attached to the bot- 
tom surface of the ultrasonic propagating element. 

(5) The elastic material sheet has a convex surface 
(U-shaped surface) on the side not facing the prop- 
agating element. 

(6) The elastic material sheet has a rate of sonic 
wave propagation in the range of 1 ,000 to 2,000 m/ 
sec. 



(7) The elastic material sheet is made of poly- 
urethane gel. 

(8) A pair of the ultrasonic transmitting-receiving de- 
vices are linearly arranged in a long case having 

s one or more openings on a bottom thereof under 
the condition that the slanting surfaces on each of 
which the ultrasonic transducer is attached do not 
face each other. 

(9) The pair of the ultrasonic transmitting-receiving 
10 devices are arranged under the condition that each 

of the transmitting-receiving device is able to move 
on the opening to change a distance between the 
transmitting-receiving devices. 

(10) The pipe of the flow rate-measuring structure 
'5 is made of metal such as iron. 

(11) The pipe of the flow rate-measuring structure 
is made of polymeric material such as polyvinyl 
chloride. 



[0023] Fig. 1 is a schematic view of one ultrasonic 
transmitting-receiving device according to the invention. 
[0024] Fig. 2 is a schematic view of another ultrasonic 

25 transmitting-receiving device according to the invention. 
[0025] Fig. 3-(a) and -(b) indicate representative sizes 
of the ultrasonic transmitting-receiving device of Fig. 2. 
[0026] Fig. 4 shows a section of a clamp-on ultrasonic 
flowmeter which is formulated by a pair of the ultrasonic 

30 transmitting-receiving device of the invention in the Z- 
mode. 

[0027] Fig. 5 shows a section of a clamp-on ultrasonic 
flowmeter which is formulated by a pair of the ultrasonic 
transmitting-receiving device of the invention in the V- 
35 mode. 

[0028] Fig. 6 is a partially cutaway schematic view of 
a clamp-on ultrasonic flowmeter according to the inven- 
tion. 

[0029] Fig. 7 indicates a waveform which is output 
40 from the ultrasonic receiving device in Comparison Ex- 
ample 1 . 

[0030] Fig. 8 indicates a waveform which is output 
from the ultrasonic receiving device in Example 1 . 
[0031] Fig. 9 indicates a waveform which is output 
^5 from the ultrasonic receiving device in Comparison Ex- 
ample 2. 

[0032] Fig. 10 indicates a waveform which is output 
from the ultrasonic receiving device in Example 2. 
[0033] Fig. 11 shows a section of the conventional 
so clamp-on ultrasonic flowmeter. 

[0034] Fig. 1 2 shows a section of a sensor-inserted 
ultrasonic flowmeter which is manufactured using fiber- 
reinforced resinous material. 

[0035] Fig. 13 shows a section of a clamp-on uitra- 
55 sonic flowmeter which is manufactured using fiber-rein- 
forced resinous material. 

[0036] Fig. 14 explains the propagating routes of ul- 
trasonic wave in the pipe wall at the outer surface and 



20 BRIEF DESCRIPTION OF THE DRAWING 



4 



7 



EP 1 291 620 A2 



8 



inner surface. 

DETAILED DESCRIPTION OF THE INVENTION 

[0037] The present invention is further described by 
referring to the figures given in the attached drawings. 
[0038] Fig. 1 is a schematic view of one ultrasonic 
transmitting-receiving device according to the invention. 
In Fig. 1 , a ultrasonic transmitting-receiving device 11 is 
composed of a ultrasonic transducer 1 2 and a ultrasonic 
propagating element in a wedge form 13. The ultrasonic 
propagating element 13 has a bottom surface 14 and a 
slanting surface 15 extending from one edge of the bot- 
tom surface 14 at an acute angle. The ultrasonic trans- 
ducer 12 is attached on the slanting surface 15. The ul- 
trasonic transducer 1 2 has an electrode (not shown) and 
a lead line (not shown) on the side facing the propagat- 
ing element as well as on another side. The combination 
of the electrode and lead line serves to apply electric 
voltage to the transducer 12. 

[0039] The ultrasonic propagating element 1 3 is com- 
posed of a plurality of sheet units in which each sheet 
unit is composed of plural high modulus fibers 16 
aligned in parallel in resinous material 1 7, so as to prop- 
agate the ultrasonic wave emitted by the ultrasonic 
transducer 12 onto the bottom surface 14 at an angle 
perpendicular to the slanting surface 1 5 (corresponding 
to a vibrating surface of the ultrasonic transducer 12). 
[0040] The high sensitivity of the flowmeter provided 
by making the ultrasonic transmitting-receiving device 
of fiber-reinforced resinous material can be explained 
as follows. 

(1) The high modulus fibers aligned in parallel to 
each other on the slanting surface of the ultrasonic 
propagating element (corresponding to the vibrat- 
ing surface of the ultrasonic transducer) prohibit dif- 
fusion of ultrasonic wave along the vibrating surface 
of the ultrasonic transducer, while assist the ultra- 
sonic wave to predominantly advance in the direc- 
tion perpendicular to the vibrating surface of the ul- 
trasonic transducer. Accordingly, the directivity of 
the ultrasonic wave transmitted by the ultrasonic 
transducer is enhanced, and the sensitivity of the 
flowmeter is improved. 

(2) Generally, when ultrasonic wave (longitudinal 
wave) propagates within solid material, a portion of 
the ultrasonic wave is converted into a traverse 
wave. The ultrasonic propagating element of fiber- 
reinforced resinous material contains, along the ul- 
trasonic wave propagating route perpendicular to 
the slanting surface (corresponding to the vibrating 
surface of the ultrasonic transducer), resinous por- 
tions 17 between the highly aligned high modulus 
fibers. A portion of the propagating ultrasonic wave 
may be converted into a traverse wave. However, 
the high modulus fibers around the resinous por- 
tions prohibit diffusion of the traverse wave gener- 



ated in the resinous portions. In other words, the 
well aligned high modulus fibers keep the generat- 
ed traverse wave from diffusing in the propagating 
element. 

5 

[0041] There are no specific limitations on the direc- 
tion of alignment of the high modulus fibers 16, so long 
as the fibers are aligned in parallel to the slanting sur- 
face 15 of the ultrasonic propagating element 13 (cor- 

w responding to the vibrating surface of the ultrasonic 
transducer 12). Preferably, the ultrasonic propagating 
element is produced by combining a plurality of sheets 
units in thickness direction in which plural high modulus 
fibers are aligned in parallel to each other are embedded 

'5 in resinous material along the sheet plane. 

[0042] The sheet units of the ultrasonic propagating 
element are preferably produced under the condition 
that the high modulus fibers in one sheet unit are ar- 
ranged to make a right angle with the high modulus fib- 

20 ers in an adjoining sheet unit. A block of fiber-reinforced 
resinous material produced under the above-mentioned 
conditions is commercially available. Accordingly, the 
ultrasonic propagating element can be produced by ap- 
propriately cutting the commercially available f iber-rein- 

25 forced resinous material block. 

[0043] The high modulus fiber preferably has a tensile 
modulus of higher than 50 GPa, more preferably 100 
GPa or higher. Examples of the high modulus fibers in- 
clude carbon fiber, silicon carbide fiber, polyamide fiber, 

30 and aramide fiber. 

[0044] Examples of the resinous materials for the pro- 
duction of the fiber-reinforced resinous material include 
epoxy resin, polyamide resin, potyimide resin, poly- 
ether-ether ketone (PEEK) resin, phenol resin, unsatu- 

35 rated polyester resin, polycarbonate resin, and polyami- 
deimide resin. Preferred is epoxy resin. 
[0045] if a space (containing air) is present between 
the ultrasonic propagating element 13 and a pipe 6, the 
ultrasonic wave is reflected on the interface between the 

^0 propagating element and air. This is because the imped- 
ance of air is low, as compared with the that of the prop- 
agating element. Therefore, contact material (i.e., buffer 
materia) is preferably inserted between the ultrasonic 
propagating element and the pipe for removing the air 

45 from the space between the propagating element and 
the pipe surface. The insertion of the contact material 
can be made by the steps of coating the contact material 
on the outer surface of the pipe and placing the ultra- 
sonic transmitting-receiving device on the coated con- 

so tact material under pressure. Examples of the contact 
materials include liquid or paste from which air bubbles 
are easily removed, for instance, water, oil, water glass, 
grease, and vaseline. Grease is preferred, when the ul- 
trasonic transmitting-receiving device is permanently at- 

55 tached to the pipe surface to constantly measure the 
flow rate. 

[0046] The bottom surface 14 of the ultrasonic prop- 
agating element 13 is preferably made to have a con- 
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cave or U-shaped surface so as to have tight contact 
with the outer surface of the pipe 6. However, since it is 
not easy to process a surface of a commercially availa- 
ble fiber-reinforced resinous material to have an appro- 
priate concave or U-shape, an elastic sheet 18 is pref- 
erably attached to the surface of the propagating ele- 
ment 13. The attached elastic sheet 1 8 serves to fix the 
ultrasonic transmitting-receiving device 11 stably onto 
the outer surface of the pipe 6, and further serves to 
easily adjust the position of the device 11 on the pipe 6. 
The elastic sheet is preferably made of elastic material 
having a rate of sonic propagation in the range of 1 ,000 
to 2,000 m/sec. The elastic sheet can be made of solid 
material (elastic material) such as resin and metal. How- 
ever, the elastic sheet is preferably made of elastic gel 
material, because the gel material is easily deformed to 
have close contact with the pipe. The elastic gel material 
can be soft elastomer. Examples of the elastic gel ma- 
terials include silicone gel, polyurethane gel and poly- 
urethane elastomer. The polyurethane gel is preferred. 
[0047] The ultrasonic transmitting-receiving device of 
the invention is further explained by referring to Fig. 2 
in which another embodiment of the ultrasonic transmit- 
ting-receiving device of the invention is schematically 
illustrated. The ultrasonic transmitting-receiving device 
11 of Fig. 2 is the same as that of Fig. 1 , except that the 
device has a different figure. So long as the function of 
propagating the ultrasonic wave in the direction perpen- 
dicular to the slanting surface on which the ultrasonic 
transducer is placed is concerned, the figure of the ul- 
trasonic transmitting-receiving device of Fig. 1 is satis- 
factory. However, if the ultrasonic transmitting-receiving 
device has a upper plane surface, a bolt hole 1 9 for fixing 
the device to the pipe surface can be provided on the 
plane surface. A more detailed description on the fixa- 
tion is set forth hereinafter. 

[0048] Typical sizes (in terms of mm) of the ultrasonic 
transmitting-receiving device in the wedge form 1 3 are 
given in Fig. 3. Fig. 3-(a) is a side view of the ultrasonic 
transmitting-receiving device 13, and Fig. 3-(b) is anoth- 
er side view of the transmitting-receiving device 13. 
[0049] As described hereinbefore, the clamp-on ultra- 
sonic flowmeter is generally classified into that utilizing 
a difference of propagating rate and that utilizing Dop- 
pler effect. Further, there are clamp-on ultrasonic flow- 
meters of different types. Details of the prior art clamp- 
on ultrasonic flowmeters are described in "Measure- 
ment of Flow Rate, A to B M , Chapter 8 (Society of Jap- 
anese Measuring Device. Industries, 1995). 
[0050] The ultrasonic transmitting-receiving device 
can be arranged in a 2-mode or a V-mode to give a ul- 
trasonic flowmeter. A representative arrangement of the 
2-mode is illustrated in Fig. 4. A representative arrange- 
ment of the V-mode is illustrated in Fig. 5. The names 
of Z-mode and V-mode are given in view of the figures 
of propagating routes of the ultrasonic wave 19 in the 
passing fluid 7. 

[0051] The V-mode is advantageous, because it gives 



a totally long passage (which gives a relatively high sen- 
sitivity), as compared with the total passage given by 
the Z-mode. Moreover, a pair of the ultrasonic transmit- 
ting-receiving devices are easily attached to the outer 

5 surface of the pipe 6 in the V-mode arrangement. 
[0052] The clamp-on ultrasonic flowmeter of the in- 
vention is further described below in more detail. 
[0053] Fig, 6 is a partially cutaway schematic view of 
a clamp-on ultrasonic flowmeter according to the inven- 

10 tion. 

[0054] The clamp-on ultrasonic flowmeter of the in- 
vention practically comprises a pair of the ultrasonic 
transmitting-receiving devices of the invention and 
means for fixing the transmitting-receiving devices onto 

15 the pipe (or tube). For instance, a pair of the ultrasonic 
transmitting-receiving devices 11a, 11b are linearly ar- 
ranged within a long case 20 having opening on its bot- 
tom and optionally on a cover plate 22 under the condi- 
tion that the slanting surfaces on each of which the ul- 

20 trasonic transducer is attached do not face each other, 
as illustrated in Fig. 6. The long case 20 comprises a 
casing body 21 and the cover plate 22. The cover plate 
22 having an opening 26 is fixed to the casing body 21 
by means of screws 28. An electric line 30 is attached. 

25 [0055] If the sizes of the pipe (i.e., inner diameter and 
outer diameter) and nature of the pipe material are pre- 
viously known, an appropriate distance between the ul- 
trasonic transmitting-receiving devices 11a, 11b can be 
calculated separately. Accordingly, the devices 1 1 a, 1 1 b 

30 can be previously fixed in the long case at an appropri- 
ate space using the upper opening 26 and a pair of bolts 
23. A clamp-on ultrasonic flowmeter comprising the long 
case 20 in which a pair of the ultrasonic transmitting- 
receiving devices are fixed at a predetermined space is 

35 easily set to various pipes of chemical plants or other 
pipe system. 

[0056] The fixation of the flowmeter to a pipe is easily 
and reliably accomplished by placing the pipe 6 between 
the case 20 and a flowmeter-fixing aid 24 and then com- 
40 bining the case 20 and the fixing aid 24 by means of 
screws 25. The fixing method is not limitative. For in- 
stance, the case 20 can be fixed to the pipe 20 using a 
rubber band. 

[0057] If the sizes of the pipe (i.e. , inner diameter and 
45 outer diameter) and nature of the pipe material are not 
known, the distance between the ultrasonic transmit- 
ting-receiving devices should be adjusted and deter- 
mined in situ lor each pipe system. The long opening 26 
of Fig. 6 is advantageously provided for such adjustment 
so of the distances between the transmitting-receiving de- 
vices. 

[0058] A rate of sonic wave propagation of the ultra- 
sonic propagating element utilized in the clamp-on ul- 
trasonic flowmeter of the invention typically is approxi- 
55 mately 3,000 m/sec, in the direction perpendicular to 
the longitudinal direction of the high modulus fibers. 
[0059] When a ultrasonic wave 9 is propagated from 
the ultrasonic propagating element in the wedge form 3 
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to the pipe wall 6, the relationship of the following equa- 
tion (I) is produced on the outer surface of the pipe wall 
6. See Fig. 14. 



Sin o^/Sin p 1 =C A /C 2 



(0 



In the equation (I), C 1 means a rate of sonic wave in the 
ultrasonic propagating element 3, C 2 means a rate of 
sonic wave in the pipe wall 6, a 1 means an angle of in- 
cidence (from the normal), and p 1 means an angle of 
refraction (from the normal). 

[0060] When a ultrasonic wave 9 is propagated from 
the pipe wall 6 to the fluid 7 passing within the pipe, the 
relationship of the following equation (II) is produced on 
the inner surface of the pipe wall 6. 



Sin o^/Sin p 2 = C 2 /C 3 



("I) 



In the equation (II), C 2 has the same meaning as above, 
C 3 means a rate of sonic wave in the passing fluid 7, Og 
means an angle of incidence (from the normal), and 
means an angle of refraction (from the normal). 
[0061] If the difference of rate of sonic wave between 
the ultrasonic propagating element and the pipe wall is 
small, the angle of refraction (P 2 ) can be enlarged (al- 
most up to the angle of incidence a 1 ) by setting the angle 
of incidence a t at a large value, and therefore the pas- 
sage of the ultrasonic wave in the passing fluid can be 
prolonged. If the passage of the ultrasonic wave in the 
passing fluid is prolonged, a flow rate of a fluid passing 
in the pipe slowly can be measured with high sensitivity. 
[0062] If the difference of rate of sonic wave between 
the ultrasonic propagating element and the pipe wall is 
large, the ultrasonic may be totally reflected on the in- 
terface between the propagating element and the pipe 
wall according to the Snell's Law, or the angle of refrac- 
tion (p 2 ) is greatly reduced, as compared with the angle 
of incidence (o^). For instance, in the case of C,<C 2 , 
the critical angle decreases, as the difference between 
C 1 and C 2 increases. Accordingly, if the angle of inci- 
dence (a.,) is set at a large value, the ultrasonic wave 
may be totally reflected on the outer surface of the pipe 
wall. In the case of C^Cg, the total reflection does not 
occur. However, the angle of refraction (P 2 ) decreases, 
as compared with the angle of incidence (c^), if the dif- 
ference between and C 2 increases. The decrease of 
angle of refraction (p 2 ) results in decrease of passage 
of ultrasonic wave in the passing fluid. Therefore, if the 
difference of rate of sonic propagation between the ul- 
trasonic propagating element and the pipe wall is large, 
it is more difficult to design a flowmeter having high sen- 
sitivity: as compared with the case in that the difference 
of rate of sonic propagation between the ultrasonic prop- 
agating element and the pipe wall is small. 
[0063] Accordingly, the clamp-on ultrasonic flowme- 



ter of the invention is more favorably employable for 
measuring a flow rate of a fluid passing in a pipe or tube 
whose wall is made of material having a rate of sonic 
wave propagation similar to that of the ultrasonic prop- 
5 agating element of the invention. Preferred materials of 
the pipe wall are metal (such as iron, specifically stain- 
less steel having a rate of sonic wave propagation of 
approx. 5,000 m/sec.) and polyvinyl chloride resin hav- 
ing a rate of sonic wave propagation of approx. 2,200 
10 m/sec. When a fluid passing within a pipe made of one 
of these materials is measured in its flow rate, the angle 
of the slanting surface to the bottom surface of the ul- 
trasonic propagating element is preferably set to 25 to 
45°. 

15 [0064] In the above-mentioned explanation, the effect 
provided by the contact material and/or the elastic ma- 
terial sheet is not mentioned, for the sake of simplifying 
the explanation. For the actually employed flowmeter, 
however, the design and arrangement of the ultrasonic 

20 transmitting-receiving devices are adjusted in consider- 
ation of the presence of the contact material and/or the 
elastic material sheet. The adjustment and arrangement 
can be easily performed utilizing the Snell's Law. 
[0065] The clamp-on ultrasonic flowmeter of the in- 

25 vention can be manufactured in the form of a combina- 
tion of a pipe element having a joint at each end and the 
clamp-on ultrasonic flowmeter attached to the pipe ele- 
ment. The ultrasonic flowmeter of this structure can be 
placed in a pipe system in place of a detachable pipe 

30 element. This replacement system is favorably em- 
ployed in the case that the pipe system contains a de- 
tachable pipe element. 

[0066] The present invention is further described by 
the following examples. 

35 

[Comparison Example 1 — Prior Art] 

[0067] A commercially available clamp-on ultrasonic 
flowmeter (supplied by Tokyo Keiso Co., Ltd) was at- 

40 tached to a stainless steel pipe (outer diameter: 34 mm) 
in the V-mode. The attachment of a pair of the ultrasonic 
transmitting-receiving devices onto the pipe surface 
was made using grease. In the pipe, water was passed. 
To the ultrasonic transducer of the ultrasonic transmit- 

45 ting-receiving device on the transmitter side was applied 
a voltage pulse (pulse width: 0.5 usee, pulse height: 30 
V). A ultrasonic wave transmitted by the device on the 
transmitter side was received by the ultrasonic transmit- 
ting-receiving device on the receiver side after propa- 

50 gating through the pipe wall portions and passing fluid. 
[0068] The waveform obtained in the receiver device 
is shown in Fig. 7. In Fig. 7, the time given is on the axis 
of abscissas, and the voltage is given on the axis of or- 
dinates. The maximum amplitude of the voltage wave- 

55 form obtained in the receiver device was 0.66 V. 
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[Example 1] 

[0069] A commercially available fiber-reinforced res- 
inous material block (made of epoxy resin and carbon 
fibers having a tensile modulus in the longitudinal direc- 
tion of 240 GPa) was cut to produce a ultrasonic prop- 
agating element in the wedge form illustrated in Fig. 2. 
[0070] Independently, a two-pack polyurethane gel 
was molded and hardened at room temperature to give 
an elastic sheet illustrated in Fig. 2. The back face (op- 
posite to the surface to be attached to the propagating 
element) was made to have a concave (or U-shaped) 
surface, so as to appropriately fix the elastomer sheet 
onto the surface of a pipe. 

[0071] The elastomer sheet prepared above was at- 
tached to the bottom surface of the ultrasonic transmit- 
ting-receiving element, and a commercially available ul- 
trasonic transducer (diameter: 10 mm, thickness: 1 mm, 
made of lead zirconate titanate, PZT) was attached onto 
the slanting surface of the element. Thus, a ultrasonic 
transmitting-receiving device having the constitution 
shown in Fig. 2 was produced. 
[0072] The carbon fibers were aligned in parallel with 
the slanting surface, as is illustrated in Fig. 2. The angle 
of the slanting surface from the bottom surface was 35°. 
and the angle of incidence of the ultrasonic applied to 
the bottom surface was 55°. 

[0073] The procedures of measurement of the flow 
rate of water passing within the pipe described in Com- 
parison Example 1 were repeated using the pair of the 
ultrasonic transmitting-receiving devices produced 
above. 

[0074] The waveform of the ultrasonic wave obtained 
in the transmitter device is shown in Fig. 8. In Fig. 8, the 
time given is on the axis of abscissas, and the voltage 
is given on the axis of ordinates. The maximum ampli- 
tude of the voltage waveform obtained in the receiver 
device was 1 .04 V. 

[0075] In summary, when the same voltage pulse was 
applied to the transducers of the ultrasonic transmitter 
devices of Comparison Example 1 and Example 1 , the 
voltage collected from the ultrasonic transducer of the 
receiver device of the invention (Example 1) was more 
than 1.5 times as much as the voltage collected from 
the ultrasonic transducer of the prior art receiver device 
(Comparison Example 1). Accordingly, it is confirmed 
that the clamp-on ultrasonic flowmeter has prominently 
high sensitivity. 

[Comparison Example 2 — Prior Art] 

[0076] The procedures of measurement of the flow 
rate of water passing within the pipe described in Com- 
parison Example 1 were repeated using a pipe made of 
polyvinyl chloride resin (outer diameter: one inch). 
[0077] The waveform of the ultrasonic wave obtained 
in the transmitter device is shown in Fig. 9. In Fig. 9, the 
time given is on the axis of abscissas, and the voltage 



is given on the axis of ordinates. The maximum ampli- 
tude of the voltage waveform obtained in the receiver 
device was as high as 1 .31 V. However, large meander- 
ing was observed in the voltage waveform. Such large 

5 meandering in the waveform disturbs to set correctly the 
threshold voltage value for determining the start point 
from which the receipt of the propagating ultrasonic 
wave is started. Therefore, an error is produced in de- 
tecting the period of time for the propagating time, and 

10 the measurement sensitivity decreases. 

[Example 2] 

[0078] The procedures of measurement of the flow 
is rate of water passing within the pipe described in Com- 
parison Example 2 were repeated using the pair of the 
ultrasonic transmitting-receiving devices produced in 
Example 1 . 

[0079] The waveform of the ultrasonic wave obtained 
in the transmitter device is shown in Fig. 10. In Fig. 10, 
the time given is on the axis of abscissas, and the volt- 
age is given on the axis of ordinates. The maximum am- 
plitude of the voltage waveform obtained in the receiver 
device was 1 .29 V, which was almost equal to that ob- 
served in Comparison Example 2. 
[0080] However, no large meandering such as that 
observed in the voltage wave form of Comparison Ex- 
ample 2 was observed in the voltage waveform obtained 
in this Example. 



Claims 
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1 . A clamp-on ultrasonic flowmeter comprising a pair 
35 of ultrasonic transmitting-receiving devices, each 

comprising a ultrasonic propagating element in the 
form of wedge having a bottom surface and a slant- 
ing surface extending from one edge of the bottom 
surface at an acute angle, and a ultrasonic trans- 

40 ducer attached on the slanting surface, wherein the 
ultrasonic propagating element is composed of a 
plurality of sheet units in which each sheet unit is 
composed of plural high modulus fibers aligned in 
parallel in resinous material, so as to propagate ul- 

45 trasonic wave emitted by the ultrasonic transducer 
onto the bottom surface at an angle perpendicular 
to the slanting surface. 

2. The clamp-on ultrasonic flowmeter of claim 1, 
50 wherein the sheet units of the ultrasonic propagat- 
ing element are produced under the condition that 
the high modulus fibers in one sheet unit are ar- 
ranged to make a right angle with the high modulus 
fibers in an adjoining sheet unit. 

55 

3. The clamp-on ultrasonic flowmeter of claim 1, 
wherein the high modulus fiber has a tensile mod- 
ulus of higher than 50 GPa. 
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4. The clamp-on ultrasonic flowmeter of claim 3, 
wherein the high modulus fiber is carbon fiber. 

5. The clamp-on ultrasonic flowmeter of claim 1, 
wherein an elastic material sheet is attached to the 
bottom surface of the ultrasonic propagating ele- 
ment. 

6. The clamp-on ultrasonic flowmeter of claim 5, 
wherein the elastic material sheet has a convex sur- 
face on the side not facing the propagating element. 

7. The clamp-on ultrasonic flowmeter of claim 5, 
wherein the elastic material sheet has a rate of son- 
ic wave propagation in the range of 1 ,000 to 2,000 
m/sec. 

8. The clamp-on ultrasonic flowmeter of claim 5, 
wherein the elastic material sheet is made of poly- 
urethane gel. 

9. The clamp-on ultrasonic flowmeter of claim 1 , a pair 
of the ultrasonic transmitting -receiving devices are 
linearly arranged in a long case having opening on 
a bottom thereof under the condition that the slant- 
ing surfaces on each of which the ultrasonic trans- 
ducer is attached do not face each other. 

10. The clamp-on ultrasonic flowmeter of claim 9, the 
pair of the ultrasonic transmitting-receiving devices 
are arranged under the condition that each of the 
transmitting-receiving device is able to move on the 
opening to change a distance between the trans- 
mitting-receiving devices. 

11. A flow rate-measuring structure comprising a pipe 
in which a fluid flows and a pair of ultrasonic, trans- 
mitting-receiving devices arranged on the pipe on 
an outer surface thereof, each transmitting-receiv- 
ing device comprising a ultrasonic propagating ele- 
ment in the form of wedge having a bottom surface 
and a slanting surface extending from one edge of 
the bottom surface at an acute angle, and a ultra- 
sonic transducer provided on the slanting surface, 
wherein the ultrasonic propagating element is com- 
posed of a plurality of sheet units in which each 
sheet unit is composed of plural high modulus fibers 
aligned in parallel in resinous material, so as to 
propagate ultrasonic wave emitted by the ultrasonic 
transducer onto the bottom surface at an angle per- 
pendicular to the slanting surface. 

12. The flow rate-measuring structure of claim 11, 
wherein the pipe is made of metal. 

13. The flow rate-measuring structure of claim 12, 
wherein the metal pipe is made of iron. 



14. The flow rate-measuring structure of claim 11, 
wherein the pipe is made of polymeric material. 

15. The flow rate-measuring structure of claim 14, 
5 wherein the pipe is made of polyvinyl chloride. 

16. The flow rate-measuring structure of claim 11, 
wherein the sheet units of the ultrasonic propagat- 
ing element are produced under the condition that 

10 the high modulus fibers in one sheet unit are ar- 
ranged to make a right angle with the high modulus 
fibers in an adjoining sheet unit. 

17. The flow rate-measuring structure of claim 11, 
15 wherein the high modulus fiber has a tensile mod- 
ulus of higher than 50 GPa. 

18. The flow rate-measuring structure of claim 17, 
wherein the high modulus fiber is carbon fiber. 

20 

19. The flow rate-measuring structure of claim 11, 
wherein an elastic material sheet is attached to the 
bottom surface of the ultrasonic propagating ele- 
ment. 

25 

20. The flow rate-measuring structure of claim 19, 
wherein the elastic material sheet has a convex sur- 
face on the side not facing the propagating element. 

30 21. The flow rate-measuring structure of claim 19, 
wherein the elastic material sheet has a rate of son- 
ic wave propagation in the range of 1 ,000 to 2,000 
m/sec. 

35 22. The flow rate-measuring structure of claim 19, 
wherein the elastic material sheet is made of poly- 
urethane gel. 

23. A ultrasonic transmitting-receiving device compris- 
40 jng a ultrasonic propagating element in the form of 

wedge having a bottom surface and a slanting sur- 
face extending from one edge of the bottom surface 
at an acute angle, and a ultrasonic transducer at- 
tached on the slanting surface, wherein the ultra- 

45 sonic propagating element is composed of a plural- 
ity of sheet units in which each sheet unit is com- 
posed of plural high modulus fibers aligned in par- 
allel in resinous material, so as to propagate ultra- 
sonic wave emitted by the ultrasonic transducer on- 

50 to the bottom surface at an angle perpendicular to 
the slanting surface. 

24. The ultrasonic transmitting-receiving device of 
claim 23, wherein the sheet units of the ultrasonic 

55 propagating element are produced under the con- 
dition that the high modulus fibers in one sheet unit 
are arranged to make a right angle with the high 
modulus fibers in an adjoining sheet unit. 
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25. The ultrasonic transmitting-receiving device of 
claim 23, wherein the high modulus fiber has a ten- 
sile modulus of higher than 50 GPa. 

26. The ultrasonic transmitting-receiving device of s 
claim 25, wherein the high modulus fiber is carbon 

fiber. 

27. The ultrasonic transmitting-receiving device of 
claim 23, wherein an elastic material sheet is at- 10 
tached to the bottom surface of the ultrasonic prop- 
agating element. 
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